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SUMMARY

1. The electrophysiological and pharmacological characteristics of the calcium
current (ICa) in acutely dissociated magnocellular cholinergic basal forebrain
neurones from 11- to 14-day-old post-natal rats were studied using the whole-cell
patch-clamp technique.

2. All cells exhibited a small transient low-voltage-activated (LVA) current with
half-activation and half-inactivation potentials of -40 2 and -49-3 mV and slope
factors for activation and inactivation of 4 82 and 3 85 mV per e-fold change in
membrane potential (Vm) respectively. Activation and inactivation rates for the LVA
current were highly voltage dependent. For test potential changes from -50 to
-20 mV, the time-to-peak of the current decreased from 39-1 to 6 4 ms, and the time
constant of current decay decreased from 81V7 to 15 5 ms.

3. A high-voltage-activated (HVA) component Of1Ca could be elicited at threshold
voltages between -46 and -30 mV from a holding potential (VH) of -80 mV. The
HVA current peaked around 0 mY; a 10-fold increase in [Ca2+]. produced a 13 mV
positive shift in the peak, whilst the amplitude of the current showed an
approximately hyperbolic relationship to [Ca2+]. with half-saturation at 2 5 mm. The
transient phase of the HVA current could be described by two exponential functions
with time constants Tfast and Tslow of 16 2 and 301 ms. Steady-state inactivation of the
transient and extrapolated true sustained (pedestal) components of HVA current
were described by Boltzmann equations, with half-inactivation potentials (slope
factors) of -47 3 mV, (9 04) and -29-2 mV ( 118) respectively.

4. wo-Conotoxin (wo-CgTX; 100 nM) irreversibly inhibited a kinetically distinct
component of HVA current but had no effect upon the transient LVA current. The
eo-CgTX-sensitive current could not be distinguished from the control HVA current
by the voltage dependence of its activation or inactivation rates.

5. Low concentrations of amiloride ( < 300 ,UM) or Ni2+ ( < 5 /,M) selectively
inhibited the transient LVA current, with IC50 values of 97 and 5/M respectively.
Cd2+ (. 1 UM) selectively blocked a component of HVA current. At higher con-
centrations, Cd2+ and Ni2+ were non-selective and totally blocked all components of
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6. The lanthanide ions Gd3+ and La3" produced saturable incomplete block of the
HVA current. Maximally effective concentrations of Gd3+ (100 /aM) or La3+ (30 1AM)
inhibited 76 5 and 41V2% respectively of the sustained component of HVA current
with corresponding IC50 values of 2-2 and 1t1 zm. Low concentrations of Gd3+
(.< 3/M) and La3+ ( < 1 /tM) blocked a substantial component of the HVA current
that was pharmacologically distinct from the wo-CgTX-sensitive current.

7. The transient LVA current was inhibited by dihydropyridine (DHP) calcium
channel antagonists. The order of potency was nicardipine > nimodipine =
nitrendipine > nifedipine. The corresponding apparent IC50 values were 0 77, 8-2 and
97 /IM. Bay K 8644 (1-3 aM) did not potentiate the LVA current.

8. DHP antagonists produced a dose-dependent block of the sustained component
of HVA current. The order of potency was nicardipine > nitrendipine > nimodipine
> nifedipine with corresponding IC50 values of 7, 14, 61 and 200,UM.

9. Bay K 8644 (1-3 ,UM) produced a small enhancement (11 3% at 0 mV) of the
HVA current at test potentials between -55 and 0 mV (VH-80 mV). The Bay K
enhancement of the current was totally antagonized by concentrations of nifedipine
(1-5 /LM) that produced little block of the control HVA current.

10. These results show that the calcium current in rat magnocellular cholinergic
basal forebrain neurones was composed of LVA and multiple HVA currents which
display distinct kinetic and pharmacological characteristics.

INTRODUCTION

Basal forebrain neurones provide the main cholinergic innervation to hippocampus
and several cerebral cortical regions (Mesulam, Elliott, Levey & Wainer, 1983;
McKinney, Coyle & Hedreen, 1983). Their degeneration has been implicated in the
pathophysiology associated with dementia in man (Coyle, Price & DeLong, 1983).
Whilst there have been a number of in vitro studies of the membrane properties of
neurones in the medial septum and diagonal band (see for example; Lopez-Barneo,
Alvarez de Toledo & Yarom, 1985; Nakajima, Nakajima, Obata, Carlson &
Yamaguchi, 1985; Griffith & Matthews, 1986; Griffith, 1988; Alvarez de Toledo &
Lopez-Barneo, 1988; Castellano & Lopez-Barneo, 1991; Matthews & Lee, 1991),
there is still little information regarding the types and properties of voltage-
activated calcium currents expressed by these neurones (Castellano & Lopez-Barneo,
1991). The influx of calcium (Ca21) through voltage-gated channels is of crucial
importance as it seems likely to contribute to the excitable behaviour of these
neurones (Segal, 1986; Griffith, 1988; Alvarez de Toledo & Lopez-Barneo, 1988), and
might contribute to the process of neurodegeneration (Choi, 1988; Dreyer, Kaiser,
Offermann & Lipton, 1990). Furthermore, cortical tissue from patients with
Alzheimer's disease shows impaired synthesis and release of acetylcholine (Sims,
Bowen, Allen, Smith, Neary, Thomas & Davison, 1983), presumably in terminals of
basal forebrain neurones. Hence, information about the somatic Ca2+ currents in
these cholinergic basal forebrain neurones might provide some insight into the
regulation of transmitter release from their terminals, which could be of prospective
value to understanding and correction of this deficit.

Accordingly, in the present paper we have studied some of the kinetic and
pharmacological properties of somatic Ca2+ currents in dissociated, identifiably
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cholinergic magnocellular basal forebrain neurones. The results reveal that these
neurones express both low- and high-voltage-activated Ca2+ currents which display
certain differences from those previously described in other central neurones (see
Scott, Pearson & Dolphin, 1991 for review).

METHODS

Tissue preparation and acute dissociation
Acutely dissociated cell cultures of post-natal rat basal forebrain neurones were prepared using

a combination of enzymatic and mechanical dissociation procedures. Sprague-Dawley rat pups
(11-14 days old, weight range 29-32 g) were killed with an excess of chloroform, decapitated and
the brain quickly removed and hemisected in cold dissecting medium, containing Gey's balanced
salt solution (GBSS), supplemented with an additional 0 6% D-glucose, 8 mmIMgCl2 and 1 mM
kynurenic acid. Coronal slices (400 ,am thick) were cut using a Alcllwain tissue chopper, collected
in cold dissecting medium and regions of basal forebrain nuclei (namely, vertical and horizontal
limbs of the diagonal band of Broca, substantia innominata, nucleus basalis and globus pallidus)
were dissected out. The tissue fragments were incubated at 37 °C in Ca2+-, Mg2+-free Hank's
balanced salt solution (HBSS), containing 0125% trypsin for 45 min, then washed repeatedly in
Ca2+-free HBSS containing 8 mMMMgCl2, 10% fetal calf serum, 10 mg ml-l ovomucoid and
0-01 mg ml- DNase I. The tissue was then mechanically dissociated in Ca2+-free HBSS
supplemented with 8 mm MgCl2 and 0-02 mg ml-' DNase I. The cell suspension was centrifuged at
27 g for 10 min and the pellet resuspended in 1 ml of growth medium of the following composition:
Dulbecco's modified Eagle's medium (DMEM, 45%), Leibovitz L-15 (45%), L-glutamine
(0-29 mg ml-'), D-glucose (6 mg ml-'), NaHCO3 (3 3 mg ml-'), heat-inactivated fetal calf serum
(10%) and 7S-mouse nerve growth factor (25 ng ml-'). The cells were plated out onto polV-D-lvsine
(0 05 mg ml-')-coated 35 mm culture dishes (Cell-Cult), at a seeding density of 2 x 103 cells per dish.
This dissociation procedure yielded cells with some of their processes intact, and following
overnight plating at 37 °C in an atmosphere of 5 % CO2 in air, the processes retracted resulting in
'rounded' cells, which were well suited for voltage clamping, as problems with space clamp and
synaptic connections are largely avoided. This semi-acute approach to isolating single cells from
the postnatal mammalian central nervous system also has the additional advantage over the
widely used acute enzymatic treatment of Kay & Wong (1986) in that the cells have time to recover
from the enzymatic and mechanical treatment.

In a separate series of experiments, the cultures were stained for acetylcholinesterase (AChE), a
cholinergic marker as described by Hedreen, Bacon & Price (1985) and counter-stained with
Methylene Blue. Out of a population of 312 cells with somal diameters ranging from 20-38 pm,
93 + 2% (n = 6 separate animal cultures) stained positive for AChE.

Electrophysiological studies
The dissociated cultures of basal forebrain neurones were routinely used after a period of 10-14 h

incubation. The experiments were performed at room temperature (22-25 °C). The culture dishes
were mounted onto the stage of an inverted microscope equipped with phase contrast optics (Nikon
TMS) and superfused at a rate of 8-10 ml min-' with 'normal' Krebs solution of the following
composition (mM): NaCl, 118; KCl, 3 A9gC12, 1 2; CaCl2, 2 5; NaHCO3, 25; HEPES, 5; D-glucose,
11, adjusted to pH 7 4 (where necessary) and gassed with 95% 02-5% CO2 Patch electrodes were
made from borosilicate glass capillaries (15 mm diameter; Clark Electromedical Instruments). In
order to reduce transluminal capacitance the tips of the electrodes were coated to within 100 ,um of
the tip with Sylgard (Dow Corning) and their tips fire-polished using a microforge (Nikon AIF-9).
The electrodes had resistances of 5-8 MQ when filled with a caesium-containing internal
solution of the following composition (mm): caesium acetate, 102 4; CsCl, 10 6; MgCl2, 1: TEA-Cl.
5; HEPES, 40; ethylene glycol bis-(8-aminoethyl ether)NN,'N',N'-tetraacetic acid (EGTA). 3:
MgATP, 4; Na2GTP, 0 1: The solution was adjusted to pH 725 with NaOH, and had a final
osmolarity of 288 mosmol 1-l. The free calcium concentration w-as calculated and adjusted to 30 nM
using the method of Portzehl, Caldwell & Riiegg (1964). AMacroscopic currents through voltage-
activated calcium (Ca2+) channels were recorded using the whole-cell configuration of the patch-
clamp technique (Hamill. AMarty, Neher, Sakmann & Sigworth. 1981). After rupture of the gigaseal
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cells were then voltage clamped using a discontinuous single-electrode voltage-clamp amplifier
(Axoclamp-2), operated at a sampling rate of 7-15 kHz (30% duty cycle). Capacitance
neutralization, gain and phase controls were adjusted to produce optimal clamp efficiency. Under
these conditions, a clamp gain of between 07 and2-5 nA mV'1 could be achieved. In a typical cell,
this resulted in a clamp error, measured at the peak of the calcium current (step to 0 mV from

VH-80 mV) of < 3 %. The reference electrode was a glass bridge containing 4 % agar-saline, of
which one end was placed in the culture dish and the other in a 3 m KCI side chamber connected
to ground, via an Ag-AgCl pellet. Having established stable recording conditions the superfusing
'normal' Krebs solution was switched to one containing (mm): tetraethylammonium chloride

(TEA-Cl), 30; NaCl,91; MgCl2,1-2; CaCl2, 25; NaHCO3, 25; HEPES, 5; D-glucose,11. In addition,

0-5 gm tetrodotoxin (TTX) was added to block inward sodium (Na') currents.

Data acquisition and analysis

Voltage command pulses were simultaneously generated and sampled on-line using a labmaster
DMA interface (Axon Instruments) connectedto an IBM PC/AT clone (Ness PC-286 S) computer.
Signals were filtered at 03 or1 kHz prior to digitizing using an in-built filter on the recording

amplifier. Acquisition and subsequent analysis of the acquired data was carried out using the

'pClamp' suite of softw are (Axon Instruments). In addition, current and voltage signals were also
recorded simultaneously onto a chart recorder (Gould 2400S). Curve fitting procedures were carried
out using 'Graphpad' computer software (Graphpad, CA, USA). All data are expressed as
means +S.E.M.

Drugs
All drugs were bath-applied in the superfusing Krebs solution. Concentrated stock solutions of

dihydropyridines (DHP) and diphenylalkyamine compounds. namely nifedipine (Sigma), nimodipine
(gift from Bayer UK), nitrendipine (gift from Bayer UK), nicardipine (Sigma) and Bay K 8644
(Calbiochem) were prepared by dissolving the drug in tissue culture-quality dimethylsulphoxide
(DMSO) and stored as aliquots at -20 'C. Working solutions were preparedjust prior to use, by

diluting the stock in superfusate resulting in a maximum final concentration of DMSO of 07%
which on its own had no effect upon the calcium current in these cells. All experiments using DHPs
were performed in a darkened room. Because the DHPs are very hydrophobic, the perfusion
chamber and tubing were washed extensively with 20 ml of absolute alcohol after each cell and
before setting up a new dish of culture. w-Conotoxin fraction GVIA (initially as a gift from Dr A.

Cross, Astra, and then from Peninsula Laboratories) were stored in HEPES-EGTA buffer (pH 74)
as aliquots of 10,m at -20 'C. Inorganic compounds, namely the chloride salts of calcium (CaCl2),
cadmium (CdCl2), cobalt (CoCl2), lanthanum (LaCl3) and nickel (NiCl2) were obtained from BDH
and that of gadolinium (GdCl3) from Aldrich.

RESULTS

Gigaseal formation and the establishment of whole-cell recording conditions were
made whilst cells were being superfused with a standard, TEA-free, Krebs solution
(see Methods). Resting membrane potentials measured immediately following patch
rupture ranged between -65 and -80 mV. The health of each neurone was checked
by evoking action potentials using intrasomal current injection. Only cells with an
action potential amplitude of greater than 100 mV were used. Cells to be studied were
then voltage clamped at -80 mV and the superfusing Krebs solution switched to one
containing 30 mm TEA and 05 aM TTX. Inhibition of outward currents was
monitored by imposing 0-5 s duration voltage steps to 0 mV every 2 min until the
calcium current (ICa) reached a constant amplitude. This typically took between 5
and 15 min after which time the slope resistance of cells measured outside the
activation range of Ica (-90 to -60 mV) or in the presence of 200 yM cadmium
ranged between 0 27 and 2 77 GQ (mean 1P13+0 11 GQ, n = 37). Under these
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conditions, large inward Ca2" currents could be recorded for at least 30 min without
significant run-down.

Current-voltage relationship
Current-voltage (I-V) curves were constructed from a holding potential (VH) of

-80 mV. At this potential there was no steady-state inactivation of ICa (see Fig. 4).
Depolarizing steps from VH initially revealed a transient low-voltage-activated
(LVA) current with a threshold between -60 and -47 mV (mean -54-4 + 0-72 mV,
n = 19; Fig. 1). Larger depolarizing steps recruited an additional high-voltage-
activated (HVA) current with a threshold between -46 and -30 mV (mean

A

VH -83 mV -63 mV +7 B

-53

43 -100 -50 V(mV)

-33 +17

-23

-13 ~~~+27

+37
-3

+57

I1 nA /A(nA)
100ms

Fig. 1. Whole-cell calcium currents recorded from an isolated rat magnocellular cholinergic
basal forebrain neurone in 2 5 mm extracellular calcium. A, examples of currents recorded
on depolarizing from a holding potential (VH) of -83 mV to the test potentials indicated
for 300 ms. B, current-voltage (I-V) curves for the cell shown in A. *, the peak current
amplitudes; *, amplitudes measured at the end of the depolarizing pulses. Current values
have been plotted after subtraction of the holding current (-90 pA) but no correction has
been made for leak.

-36-8+ 1-9 mV, n = 18; Fig. 1). The amplitude of the HVA component of 'Ca
increased steeply from threshold to reach a peak at command potentials between -6
and + 6 mV (mean + 0 36 + 3 23 mV, n = 21), then declined with further depol-
arization with a null potential between + 40 and + 60 mV (Fig. 1B).

Calcium dependence
Under 'normal' conditions with 2-5 mm external calcium as the charge carrier

(30 nm internal calcium) the peak of the calcium current in basal forebrain neurones
ranged between 1 and 4 nA (mean 2 19 + 0 068 nA. n = 103). Removal of extracellular
Ca2+ and replacement with equimolar Mgg21 totallv abolished all components of the
calcium current. Figure 2A shows peak I- V curves constructed in various
concentrations of [Ca2+]0. Raising [Ca2+] increased the amplitude Of 'Ca w-ith a 10-



T. G. J. ALLEN. J. A. S3l1 AXD D. A. BROVIWS

fold increase in [Ca2+]. producing a positive shift of around 13 mV in the peak of the
calcium current. This voltage shift was most probably caused by a change in the
surface negative charge around the Ca21 channels (Ohmori & Yoshii, 1977). Over the
range of [Ca2+]. tested (0-25-10 mm) the peak amplitude of the calcium current
showed an approximately hyperbolic relationship to [Ca2%]0 with half-saturation at
2-5 mM (Fig. 2B).

B

A Q 200

-100 -50 V (mV) Di E
ul150

C 100
0

0

0)50
Ca
0)

--2\z' 0 2.5 5 7.5 10 15
/ (nA) Ca2+ concentration (mM)

Fig. 2. Calcium dependence of ICa in magnocellular rat basal forebrain neurones. A. I-V
curves of peak ICa in 1 (O). 25 (@) and 10 mmi (U) extracellular calcium respectively.
Increasing extracellular Ca2+ ([Ca2'+]) shifted the peak of the calcium current to more
positive potentials, with approximately a 13 mr shift for a 10-fold increase in [Ca2+]0. B,
dependence of the peak amplitude of the ICa on [Ca 2+]±. Currents were evoked by stepping
from a holding potential of -80 mV to 0 mV for 300 ms. Ordinate shows ICa expressed as
percentage of that recorded in 2-5 mim Ca2+. The curve has been fitted using non-linear
regression, according to the equation ICa = 'Ca(max) {[Ca2+]O/([Ca2+]o+Kca)} where the
half-saturation concentration (KCa) = 2-5 mam and ICa(max) = 190 6 % (correlation coefficient
r2 = 0-996).

Transient LXA current
The presence of the LVA current resulted in a small hump in the I-V curve

between -50 and -25 mV (I -H80 mV). The amplitude of the LVA component of
ICa ranged between 0-15 and 1-32 nA, and was generally less than 20% of the
amplitude of the peak vw hole-cell current measured at 0 mV (range 3-8-47-3 %; mean
16-5 + 2-1 %, n = 19). Hyperpolarizing pre-pulses to -120 mV for 100-500 ms (VH
-80 mY) prior to jumping to -25 mV were never observed to remove any steady-
state inactivation of the LVA current (n = 4). The voltage dependence of activation
and inactivation of the transient LVA current was therefore examined from a
holding potential of -80 mY using the protocol shown in Fig. 3A. The rate and
degree of activation of the LY'A current were both strongly voltage dependent. The
average time-to-peak (tp) decreased with depolarization from a mean value of
39-1 +2-3 ms at -50 mV to 6-4+0-6 ms at -20 ml' (nt = 16; Fig. 3A and D). The tp
decreased exponentially with membrane depolarization, with an e-fold change for a
16-1 mV change in command potential. The amplitude of the LV'A current increased
steeply with depolarization, reaching a peak at betNeen -10 and -20 mV. The
activation curve could be fitted with a Boltzmann equation of the form:

I/Imax = 1/{1+exp [(V-1)/]}
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Fig. 3. Kinetics of the transient low-voltage-activated current (LVA) in basal forebrain
neurones. A, an example of the protocol used to investigate the voltage dependence of
activation and inactivation of the LXVA component of4a. The individual traces have been
corrected for leak current recorded in the presence of 200,um Cd2+. The protocol was
designed to enable activation and inactivation to be examined concurrently in the same
cell. Cells were nominally held at a 'H of -80 mV (-77 mV in this example). Activation
of the LV'A current was investigated by imposing a series of increasing amplitude
depolarizing steps (500 ms duration. 5 mV increments); at the end of each of these
depolarizing steps the cell was then commanded to a nominal potential of -30 mV for
200 ms in order to studv the steady-state voltage dependence of inactivation. Between
individual episodes the cell was held at -80 mV for 30 s. B shows activation (0) and
inactivation (@) curves constructed from data obtained as in A. The activation curve was
constructed by normalizing the amplitude of the LVA current with respect to the current
evoked at -30 mV and plotting these values against command potential. The data from
nine cells were pooled and fitted by non-linear regression to a Boltzmann equation (see
text; r2 = 0967) where only the minimum value (0) was constrained. This yielded a
theoretical Imax to which all the activation data were then re-normalized before plotting.
The extrapolated peak activation of the LVA current was between -10 and -20 mV,
with a half-activation potential of -40-2 mV and a slope value (k) of 4-8 mV. Data for the
inactivation curve were pooled from five cells where the data had been normalized with
respect to the value obtained on stepping from -80 to -30 mV. This was then fitted by
non-linear regression to a Boltzmann equation (r2 = 0 980) which yielded a half-
inactivation potential of -49-3 mV and a slope value (k) of 3-8 mV. C, the time constant
for decay (Tdecay) of the LVA current at different test potentials (I; -80 mY). Each point
is the mean + S.E.M. of twelve to sixteen cells. The points were fitted to an equation of the
form A e-k + C. The continuous line (r2 = 1 000) indicates exponential voltage dependence
of Tdecay with an e-fold change for a 9-6 mV change in 1V and a theoretical minimum of
12-8 ms. D, the time to peak (t,) of the LVA current at different test potentials (VH
-80 mY). Each point is the mean + S.E.M. of sixteen cells. The tp decreased exponentially
(r2 = 1000) with an e-fold acceleration per 16-1 mV change in I'.
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Fig. 4. Voltage-dependent inactivation ofthe decaying (transient) and sustained (pedestal)
components ofHVA current in rat basal forebrain neurones. A, a typical series of current
records showing the degree of inactivation of Ic. at different test potentials. Control
currents were elicited by stepping to 0 mV for 500 ms from a holding potential (VH) of
-90 mV. Inactivation of the current was studied by imposing a series of increasing
amplitude depolarizing pre-pulses of 60 s duration (10 mV increments) prior to stepping
to 0 mV. An additional step back to -90 mV for 20 ms was imposed immediately prior
to jumping to 0 mV in order to allow gating charges to be returned to their deactivated
state. Examination of the current traces shown in panel A reveals that the calcium
current did not reach a sustained value within 500 ms. Therefore, in order to obtain a more

accurate assessment of the amplitudes of the transient and 'true sustained' (pedestal)
components of the calcium current, their contributions were measured by curve fitting.
The decay phase of the calcium current was usually best fitted by two exponential
functions. The contribution played by this transient current was calculated by
extrapolation to the point at which these two decaying components had declined by >
99-9 %, whilst the 'true' sustained (pedestal) was calculated as peak minus total transient
current. (Note: in a few cells, a good fit of the decay phase of the current required three
exponential functions. In these cells, the additional exponential had a r value of 9-14 ms
and was sensitive to low concentrations of Ni2l indicating that it was due to residual LVA
current (see text). In such cases the amplitude of this component was not included in the
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with a half-activation potential (Klact) of -40-2 mV and a slope factor (k) of 4-8 mV
(Fig. 3B).
The LVA current inactivated mono-exponentially. The rate of inactivation was

voltage dependent: the mean value for the decay time constant (Tdecay) decreased
from 81P7 + 9 9 ms (n = 12) at -50 mV to 15 7 + 0-9 ms at -20 mV (n = 16: Fig. 3A
and C). Inactivation rate was exponentially related to membrane potential, with an
e-fold change in Tdecaw, for a 9-6 mY change in the test potential. Steady-state
inactivation could be fitted with a Boltzmann equation, with a half-inactivation
potential (Ijinact) of -49 3 mV and slope factor (k) of 3-8 mV (n = 5; Fig. 3B).

HVA current
The HV'A current exhibited both decaying (transient) and sustained components.

In general, the decaying phase of the calcium current elicited at 0 mV was best fitted
by two exponential functions with time constants Tfast = 162 + 25 ms and rslow =
301-3 + 22-7 ms (n = 17). These two kinetically distinct transient components of the
current accounted for 16-1+ 2-2 and 45-4 + 2-3% of the peak calcium current at 0 mV
respectively. with the remaining 39-5 + 1-7 % being carried by an extrapolated
sustained 'pedestal' current. In a few cells, the decaying phase of the calcium current
involves an additional rapidly inactivating component. Two factors indicate that
this was carried by residual T-type LVA current. Firstly, the time constant of decay
of this component (9-14 ms) was similar to that which would be predicted for the
LV'A current at this potential (see above and Fig. 3C). Secondly, its amplitude was
reduced by low concentrations of Ni2` (5-10 /aM) and amiloride (50-300 /_tM) which
were selective for the T-type LVA current in these cells (see later and Fig. 6).
The voltage dependence of inactivation of the HVA current was studied using the

pre-pulse protocol shown in Fig. 4A. In the present study, Ca2+ as the physiological
charge carrier was deliberately chosen in preference to the more conventional carrier
Ba2+. Therefore, we cannot exclude the possibility that part of the observed
inactivation process results from Ca2+-dependent rather than voltage-dependent
inactivation. Inactivation of the transient component could be fitted with a
Boltzmann equation with Vlinat of -47-3 mV and slope factor k of 9'04 mV (Fig.
4Ba). Corresponding values for the pedestal current were -29 2 and 11 8 mV
respectively (Fig. 4Bb).

Pharmacology of the calcium current

Conotoxin
wo-Conotoxin GVIA (wo-CgTX; 100 nM) has been reported to inhibit a component

of HVA Ca2+ current in a variety of peripheral and central neurones (see Sher &
Clementi, 1991, for review). Figure 5 illustrates the principal effects of wo-CgTX on ICa

amplitude of the transient HVA current.) Ba and b show the inactivation curves for the
transient and pedestal components of the HVA current as described above, constructed
in each case from data pooled from eight cells. The data in Ba and b were fitted using non-
linear regression to a Boltzmann equation (see text). This yielded values for the half-
inactivation potential (V), and slope (k) for the transient and pedestal components of the
HVA current of -47-3mV and 9'04 (r2 = 0984) and -29-2 mV and 11-8 (r2 = 0978)
respectivelv.
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on basal forebrain neurones. At 100 nmM w-CgTX produced a slowly developing partial
block of the HVA current, which was maximal after 4-6 min perfusion (Fig. 5A) and
no additional reduction in 'Ca could be obtained by increasing the concentration up
to 500 nm. No wash-out of the block was observed over a 20 min period and thus

A

2 min

I- I---

100 nmM w-CgTx

J 0.5 nA

1 s

C

iL. -2.5
/ (nA)

B
0mV -

-80 : ---- I

a o)-CgTx

Control

0.5r

_wI-CgTx
b sensitive

Control

iA

200 ms

D

-1*25
/ (nA)

Fig. 5. The action of wo-conotoxin (w-CgTX) on the calcium current (lCa) in rat basal
forebrain neurones. A, time course of block by 100 nm w-CgTX. The cell was held at
-80 mY and stepped to 0 mV for 500 ms once every 2 min. The speed of the chart
recorder was increased 100-fold for a brief period before, during and after (total 1 s) each
command to 0 mV. Ba, currents recorded from the cell shown in A after leak subtraction
using leak currents obtained in the presence of 200 #UmI Cd2+. in the absence and presence
of 100 nmi o-CgTX. Bb, comparison of the decay kinetics of the control and w0-CgTX-
sensitive components of ,Ca The wo-CgTX-sensitive current was obtained by digitally
subtracting the two traces shown in Ba. The peak of the wo-CgTX-sensitive current has
been normalized with respect to that of the control. The o-CgTX-sensitive current in this
(and all other cells studied) peaked rapidly then decayed during the course of the 500 ms
command pulse. C, the peak current I-V relationship for a second cell under control
conditions (@) and at equilibrium in the presence of 100 nm cL-CgTX (A). o-CgTX had
almost no effect upon the LVA component of 'Ca, which reveals itself as a hump in the I-V
curve at potentials between -55 and -15 mV. It did, however, have a marked blocking
effect on HVA current at more depolarized potentials, resulting in a small shift in the peak
of the composite I-V relationship to more hyperpolarized potentials (~8 mV). D, an I-V
plot of the digitally subtracted wo-CgTX-sensitive current for the cell shown in C.

inhibition was essentially irreversible. Block was restricted to the HVA component
of current activated at potentials > 20 mV, with no significant effect on the transient
LV'A current (Fig. 5 C). The component of HVA current inhibited by w-CgTX could
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not be separated from the remaining current in terms of its activation range (Fig. 5 C
and D). However, inspection of the current in the absence and presence of w-CgTX
revealed some change in kinetics (Fig. 5Ba), such that the w-CgTX-sensitive
component showed a more pronounced decay during the command step (Fig. 5Bb).

A B

Amiloride
Control (300 pM) Wash

200
100
50

100 pA <
100 pA

250 ms Control 20 ms

Fig~100 -10A Igocntain(gM-501
c,

-8 -7 6 -5 -4 -3 -2
log concentration (log M)

Fig. 6. Inhibition of the low-voltage-activated (LVA) component of the whole-cell current
by amiloride and nickel. A, selective and reversible partial inhibition of the LVA current
by amiloride (300 #m). Currents were evoked using 250 ms commands to -30 ml' from a
holding potential of -80 mY. B, concentration dependence of the block by amiloride
(50-300 pM) on the initial transient LVA component of the calcium current. Data from
the same cell as shown in A but on a faster time base. C, dose-response curves for
amiloride (0) and Nji2 (0) yielded IC50 values of 97 and 5/pI respectively (all data
points are the means+s.E.MI. of 3-7 cells).

Notwithstanding, co-CgTX did not eliminate either of the two kinetically separable
components of current decay described earlier: the time course of a0-CgTX-sensitive
current still showed two components of decay, with time constants T1 of 19 8 + 3 8 ms
and T2 of 244 1 + 21V6 ms which contributed 18 7 + 2-65 and 54 9 + 3 64% (n = 18)
respectively of the total peak wo-CgTX-sensitive current at 0 mV.
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Amiloride
Amiloride has previously been shown to block T-type LVA calcium currents in

both peripheral and central neurones (Bean, 1989; Scott et al. 1991). Figure 6A and
B illustrates the effects of amiloride on the LVA component of ICa at -30 mV.

A B
-30 mV
-80

-100 -50 V(mV) <

80.l nA

C COOm 2nAtfl W ~~~~~+10mL B

I (nA)

< ~~Control

Fig. 7. The effect of cadmium on the calcium current in a rat basal forebrain neurone. A,
peak I-V curves (300 ms duration steps every 30 s) under control (@) conditions and in
the presence of increasing concentrations of Cd2+ (0, 0-1/M; A, 0 3 /tM; A, 1 ,tM; *,
3/M). At concentrations < 1 /LM Cd2+ had no effect upon the LVA component of the
current at command potentials negative to -20 mV. B and C, calcium currents from the
cell shown in A, evoked by stepping from VH to -30 and +10 mV respectively in the
presence and absence of 1 #UM Cd2+. The transient LVA current, unlike the HVA culTent,
was resistant to 1 /,M Cd2+.

Amiloride (50-300 /SM) produced a dose-dependent block of the transient LVA
component of ICa (IC50 = 97 #m; see Fig. 6B and C). At concentrations < 300 /lM
amiloride produced a readily reversible and selective partial block of the transient
LVA current with little or no effect upon the component of HVA current activated
at -30 mV (Fig. 6A and B). At concentrations > 300 /,M, amiloride inhibited more
of the T-type LVA current but was no longer selective and caused depression of both
the peak and sustained components of HVA current.

Block of ICa by inorganic ions
Divalent cations

Nickel has been reported to preferentially block LVA current whereas cadmium
preferentially blocks HVA current (for review see Scott et al. 1991). Similar effects
were also seen in basal forebrain neurones. Figure 7A shows the effect of increasing

102



Ica IN BASAL FOREBRAIN NEURONES

concentrations of Cd2" (041-3 /,M) on the peak current I-V relationship. From this it
can be seen that at low concentrations ( 1 UM) Cd2+ markedly inhibited 'Ca at
depolarized test potentials (more positive than -20 mV), but had little or no effect
upon the LVA current. This selectivity could be most clearly observed when the cell

Aa b C

Omv
-80 L -100 -50 V(mV) 50

Gd3 sensitive

I 0.5 nA

200 ms

B I(nA)
-100 -50 V(mV) 50 D

30 gM Gd3+ sensitive
-100 -50 V(mV) 50

-1.5
--2.5 I(nA)

/(nA)
Fig. 8. Block of the calcium current (Ica) by the lanthanide ion gadolinium (Gd3+). Aa, the
effect of increasing concentrations of Gd3+ (041-100 ,LM) on the whole-cell calcium current
evoked by stepping to 0 mV for 500 ms from a holding potential (VH) of -80 mV. The
block by Gd3+ increased in a dose-dependent manner, before reaching a maximum at
concentrations between 30 and 100 /LM. Currents have been leak-subtracted by subtracting
the current recorded in 200 /,M Cd2+. Ab, the digitally subtracted Gd3+-sensitive currents
for the cell shown in Aa. The time-to-peak of the Gd3+-sensitive current decreased with
increasing concentrations of Gd3+. The current then decayed mono-exponentially from
this initial peak during the course of the step. B and C, peak (B) and sustained (C) I-V
curves constructed under control conditions (@) and in the presence of 1 (0), 3 (U), 10
(O) 30 (A) and 100 ftM (A) Gd3+. Gd3+ had little effect at hyperpolarized membrane
potentials ( >-20 mV) but markedly reduced the amplitude of the currents positive to
-20 mV. D, I-V curves of the peak (*) and sustained (K>) Gd3+-sensitive currents
obtained by digital subtraction of current recorded in the absence and presence of 30 /IM
Gd3+. The threshold and peak current values for the Gd3+-sensitive current were similar
for both the peak and sustained components of ICa, (approximately -25 mV for the
threshold and -10 mV for the peak current respectively).

was clamped at -80 mV and stepped alternately to -30 mV (evoking primarily
LVA current; Fig. 7B) and to +10 mV (recruiting HVA current; Fig. 7 C). At higher
concentrations (3-200 /,M) this selectivity was lost and Cd2+ (3-200 /,M) inhibited all
components of ICa in a dose-dependent manner, with an IC50 value on both the
sustained (see Fig. 10) and peak calcium currents of 2 /LM.

In contrast to Cd2+, Ni2+ more potently inhibited the transient LVA current than
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A Gd3+ Normalized Gd3+ sensitive

i0-5 M. AfW

Control
0.5 nA

200 ms

B La3+ Normalized La3+ sensitive

10-5M-

Control
0.4 nA

200 ms

C Cd2+ Normalized Cd2+ sensitive

i0-5 M

Cntrol

0.3 nA

200 ms

Fig. 9. The effects of Gd3+. La3+ and Cd2+ ions (10 /iiI) on the decay kinetics of the whole-
cell calcium current evoked by stepping to 0 mV for 500 ms from a holding potential of
-80 mY. In A, B and C. the left-hand panel shows the calcium current under control
conditions and in the presence of 10 Uim Gd3+. La3+ and Cd2+ respectively. The centre
panels show currents recorded in the presence of the trivalent cations normalized with
respect to the peak of the control and superimposed on the control current. The right-
hand panels show the digitally subtracted Gd3+-, La3+- and Cd2+-sensitive currents
respectively. From these data, it can be seen that Gd3+ and La3+ both reduced the peak
amplitude of the ealcium current and markedly increased the initial rate of decay of the
current. In contrast. Cd2+ blocked the current with little or no effect upon the decay
kinetics of the residual current.

any other component of ICa* The IC50 against the LVA component was 5 ,tM (Fig.
6C). whereas for the sustained HVA current the IC50 value was 89,UM (Fig. 10).
Notwithstanding. the overlap in the dose-response curves for the two components
was still such that concentrations of Ni2+ required to totally block the LVA current
(100 ,UM) inevitably produced some inhibition of the HVA current.
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Trivalent cations
The sensitivity of ICa to two trivalent Ca2+ channel blockers, gadolinium (Gd3+)

and lanthanum (La3+) was also investigated. Both of these ions produced a near
maximal, incomplete, block of ICa at concentrations between 10 and 100 fM (Fig.

100 Cd2+ o Ni2+

10lu ~~~~~~~d3+
c
0

.0~~~~~~~~~~~~~3

5Q La3

-8 -7 -6 -5 -4 -3 -2
log ion concentration (log M)

Fig. 10. Dose-response curves showing the effects of divalent and trivalent cations upon
the sustained component of the HVA calcium current in magnocellular rat basal forebrain
neurones. Calcium cuffents were elicited every 2 min by stepping to 0 mV for 5w3 ms from
a holding potential of-80 mV. Dose-response curves were constructed by measuring the
amplitude of the sustained component of the current at 500 ms, under control conditions
and in the presence of increasing concentrations of the different cations. All data points
are the means+S.E.M. of four to eight cells. In each case data were fitted by non-linear
regression to a hyperbolic curve. O, Cdl+, IC50 2 #m, Hill slope 0 94; A, Gd3+ IC50 2 2zm,
slope 0 74; A, La3+, IC,50 1 1 #m, slope 1 1; *, Ni2+, IC50 89 um, slope 0 75.

8A a). Examination of the peak and sustained (end of 500 ms step) I-V relationships
for ICa show that the block by Gd3+ was largely confined to HVA current activated

Ca)~~~~a

at potentials more positive than -25 mV (Fig. 8B and C). The corresponding I-V
relationships for the Gd3+-sensitive current could not be distinguished from those of
the control HVA current on the basis of either their activation or peak potentials
(see Fig. 8B-D). A similar situation was also observed with La3+ (data not shown).

Neither trivalent ion blockedrIe as completely as Cd2+ (see Fig. 10); however, Gd3+
produced a much more complete block thanLau3+e. At a nearmauximally effective
concentration, Gd3+ (100,UM) blocked 76-5±2-6%, IC50 2'2,CbM '(n= 9), of the
sustained current (end of a 500 ms step to 0 mV) whereas a similarly effective dose
of La3+ (30 /im) only inhibited 41-2 + 5 9 %/ of the current, IC50 of 1 1 lim (n = 5; Fig.
10).

Gd3+, and to a lesser extent La3+, produced a striking acceleration in the rate of
decay of the HVA Ca2+ current, whereasCde2+ did not affect the decay kinetics of the
current (Fig. 9). As a result, the subtracted (trivalent cation-sensitive) components
of currentICp(Gd) and ICa(La) had a rather unique trajectory, with a relatively slow
time to peak, which accelerated with increasing ion concentration (Fig. 8A b), and
had a similar mono-exponential decay (thGd= 251t3v+47r1ms, n =p; nLa
241c1n+e49n8ams, n= (4).
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This recalls the effect of Gd3+ on neuroblastoma cells described by Docherty
(1988), which was interpreted to suggest that Gd3+ selectively inhibited a kinetically
distinct component of 'Ca. The possibility that Gd3+ and La3+ might be selectively
blocking a distinct component of 'Ca was examined further by studying their

A b wo-CgTX B b w-CgTX

Gd3+ sensitive La3+ - sensitive

4~~~~~~~~~~
3< -r C Gd3+ sensitive 3 C L senstiv

2 (100~~~~ugmM) 2 (30MM)esiiv
1 1

11X~~0.2nA' Xdt0.A d Resistant d.n Resistant

200 ms
200 ms

e e

100 - 100o 0
c c
o 0,o, ~~~~~~~~~~~~~~~~~D
.c 505 <~-~~+~~- ~ .c 50

0 0)o oC.,X X
CL -7 -6 -5 -4 L -7 -6 -5 -4

log [Gd3+] (log M) log [La3+] (log M)

Fig. 11. The block of ICa by wo-CgTX, Gd3+ and La3+. Aa, the combined actions of Gd3+ and
(o-CgTX on the sustained calcium current (ICa) evoked by stepping from VH (-80 mV) to
0 mV for 500 ms. Trace 1, control current; trace 2, after maximal block by w0-CgTX
(100 nM); trace 3, after substituting the co-CgTX. which produced an irreversible block,
for Gd3+ (100/tM); trace 4. after adding 200 /M Cd2+. Ab, c and d show the kinetics of
the digitally subtracted w-CgTX-sensitive, Gd3+-sensitive and w0-CgTX/Gd3+-resistant
components of ICa respectively. Ae. dose-response curves to Gd3+ constructed under
control conditions (a) and after maximal block by wo-CgTX (100 nM; A). In each case,
the degree of block is expressed in terms of percentage inhibition of the initial control (pre-
w-CgTX) current. Data are the means + S.E.M. of four to six cells. The control curve was
fitted by non-linear regression to a sigmoid curve with a slope of 0-87 giving an IC50 value
of 2-4,M (r2 = 09980). A simple point-to-point dashed line was used to connect the
individual data points for the dose-response relationship in the presence of G&-CgTX.
These two curves show that the percentage inhibition of the initial control current
produced by Gd3+ (S 3 /Lm) was unaffected by pre-treatment with w0-CgTX. Higher
concentrations of Gd3+ (3-100 /lM) produced a slight ( 20 %) increase in degree of block.
Ba-e shows data from identical experiments to those in A except that La3` ions have been
substituted for Gd3+ ions. Under control conditions, the IC50 value for La3+ was 11-I/m and
the Hill slope was 1-2. Be shows that like Gd3+, La3+ at concentrations < 1 /tm is selective
for a non-wo-CgTX-sensitive component of 'Ca

pharmacological selectivity, in particular the block produced by these ions in the
presence and absence of o-CgTX (Fig. 11). The principal finding of these experiments
was that at low concentrations ( /3/tM Gd3+, , 1 ,tM La3+) trivalent cations and w-
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CgTX appeared to inhibit separate components of ICa. Thus, in the absence of cl-
CgTX, Gd3+ blocked 439 + 39 % (n = 10) of the sustained HVA current (end of
500 ms step to 0 mV; VH -80 mV), whereas, when 36-8 + 2 0% of the total sustained
current had been blocked by pre-treatment with 100 nm w-CgTX, 3 AM Gd3+ still

A O mV B

-802 L
Nicardipine sensitive

200 ms

C D

-100 -50 V (mV) 50 -100 -50 V (mV) 50

I(nA)

/(nA)

Fig. 12. The actions of the dihydropyridine antagonist nicardipine upon the whole-cell
calcium current in magnocellular rat basal forebrain neurones. A, calcium currents evoked
by jumping to 0 mV for 500 ms from a holding potential (VH) of -80 mV under control
conditions and in the presence of increasing concentrations of nicardipine. Trace 1,
control; traces 2-5, in the presence of nicardipine at 1 (trace 2), 3 (trace 3), 10 (trace 4)
and 30 AM (trace 5); trace 6, the evoked current in 200 JM Cd2+. B, the digitally subtracted
nicardipine-sensitive currents for the cell shown in A. At all concentrations the amplitude
of the nicardipine-sensitive current increased during the voltage command and displayed
little decay except at the highest concentration. The numbers beside each trace
correspond to the concentrations of nicardipine given above for A. C, I-V plots of the
sustained component of ICa (end of 300 ms step) under control conditions (0) and in the
presence of 10 /M nicardipine (A). 'Ca was evoked every 30 s from a holding potential of
-80 mV. Nicardipine reduced the amplitude of the calcium current at all test potentials.
D, the I-V relationship for the nicardipine-sensitive current (10 /tM) for the cell shown in
C. The threshold for the current was at approximately -40 mV and reached a peak at
around 5 mV, like control current (see C).
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blocked the same fraction (47 3 + 1P3 %; n = 4) of the original (pre-w-CgTX) current
(Fig. 1lA e). Hence, block by w-CgTX and Gd3+ summated rather than occluded.
Essentially the same results were obtained using a combination of 1 JiM La3+ and
100 /M w-CgTX, with 19-5 + 41% (n = 6) of the current being inhibited before w-
CgTX and 21P3 + 2-3% (n = 5) after w-CgTX (Fig. 1 l Be). With higher concentrations
of trivalent cations, there was distinct overlap with the current blocked by w-CgTX.
Nevertheless, it is clear from these experiments that the trivalent cations and w0-
CgTX preferentially inhibit separate components of HVA calcium current. In the
case of Gd3+ and w-CgTX, each component accounted for approximately 40% of the
total current so that, by combining the two, more than 80% of the sustained HVA
current could be blocked.

1,4-Dihydropyridines
The primary site of action for 1,4-dihydropyridine (DHP) compounds is believed

to be on the L-type calcium channel (see Bean, 1989) although, recently they have
also been reported to inhibit the T-type LVA current in some central and peripheral
neurones (Akaike, Kostyuk & Osipchuk, 1989; Richard, Diochot, Nargeot, Baldy-
Moulinier & Valmier, 1991). In the present study, we have attempted to evaluate the
effects of a variety of DHP Ca2' antagonists and agonists on both HVA and LVA
component of the calcium current in magnocellular basal forebrain neurones.
Figure 12 illustrates the principal effects of DHP Ca2+ antagonists, as typified
by nicardipine, on the HVA component. Nicardipine (1-30 UM) produced a con-
centration-dependent increase in the degree of block, accompanied by an acceleration
in the rate of decay of the current (Fig. 12A). The nicardipine-sensitive current had
a slow rising phase and displayed little or no decline during the course of the voltage
command (Fig. 12B). At sufficiently high concentrations (50-100 ,UM) nearly all of
the sustained component ofHVA current could be blocked by nicardipine (Fig. 13A).
However, at these concentrations DHPs are near the limit of solubility in aqueous
solution and thus these may not be the true bath concentrations. Dose-response
curves were constructed to determine the relative potencies of the different DHP
antagonists on the HVA current (Fig. 13A). In each case DHPs were applied
cumulatively under low light conditions, allowing an equilibration period of 4-8 min
at each concentration. At the end of each experiment Cd2+ (200 ,UM) was applied in
order to obtain a value for the leak current. In rat basal forebrain neurones full
wash-out of high concentrations of DHP compounds (especially nicardipine) was
rarely possible, so a new culture was used for each attempted dose-response curve.
The perfusion was also washed after each run with ethanol and distilled water to
remove any DHPs bound to the tubing. Inhibition was measured as the percentage
inhibition of the control (leak subtracted) sustained calcium current. This yielded a
rank order ofpotency for inhibition of the HVA current of nicardipine > nitrendipine
> nimodipine > nifedipine, with corresponding IC50 values of 6-9, 14-5, 60-8 and
203 /IM respectively (Fig. 1 3A).

Equivalent concentrations to those which reduced the HVA current in basal
forebrain neurones also inhibited the LVA current. Dose-response curves were
constructed for the inhibition of the LVA current activated at -30 mV (VH
-80 mV) by the different DHP Ca2' antagonists (Fig. 13B). The order of potency
was nicardipine > nitrendipine = nimodipine > nifedipine and the apparent IC50
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values were 0 77 /LM (nicardipine). 82 /AM (nitrendipine and nimodipine) and 97-5 AtM
(nifedipine). In a number of cells, low concentrations of the DHP Ca2+ antagonists
actually enhanced the transient LVA current before subsequently blocking at higher
concentrations. This ability of DHP compounds to act as both an agonist and

A B

2: 1004 _ 100
o 0

o 0

c 50 50-

CDC
o 0

L- -8 -7 -6 -5 -4 X- -8 -7 -6 -5 -4
log dihydropyridine concentration (log M) log dihydropyridine concentration (log M)

Fig. 13. Dose-response curves to dihydropyridine (DHP) calcium channel antagonists. A,
inhibition of high-voltage-activated (HVA) current. Calcium currents were elicited every
2 min by stepping to 0 mY for 500 ms from a holding potential (VH) of -80 mV.
Dose-response curves were constructed by measuring the percentage inhibition of the
sustained component of ICa in the presence of increasing concentrations of nicardipine
(U), nitrendipine (A), nimodipine (0) and nifedipine (X). All measurements were made
after subtraction of the leak current recorded in the presence of 200 ,tM Cd2+. All data
points are the means + S.E.M. of between four and eight cells. Due to the limited solubility
and low potenc of the DHP compounds on the HVA current it was only possible to
construct a full dose-response curve for nicardipine. Fitting the data for nicardipine by
least-squares non-linear regression gave an IC50 concentration of 6-9 /M, a Hill slope of 1 1
and a correlation coefficient (r2) of 0-998. An estimate of the IC50 values for the other
DHPs was made by fitting the available data using non-linear regression to a hyperbolic
function with the minimum and maximum values constrained to 0 and 100% respec-
tively. This vielded theoretical IC50 values (determined by extrapolation) of *145,UM
(slope = 1-0, r2 = 0979). *60-8 /uM (slope = 0-8, r2 = 0-997) and *203 /iM (slope = 0-6,
r2 = 0 963) for nitrendipine. nimodipine and nifedipine, respectively. B. effects of DHPs
on the transient LVA current. Currents were evoked every 30 s by stepping to -30 mV
for 200 ms from E =-80 mV. Dose-response curves were fitted as described above and
all data points are means+ S.E.M. of three to six cells. The IC50 values for nicardipine,
nitrendipine. nimodipine and *nifedipine on the LVA current were 0 773 ,am (slope = 1-3,
r2 = 0-991), 8-24/m (slope = 1-46, r2 = 0-993), 8-24 uM (slope = 1-61, r2 = 0-995) and
*97-5 yum (slope = 1-55, r2 = 0-994) respectively. (* IC50 values determined by extrapo-
lation.)

an antagonist has been observed in a number of other preparations and may reflect
the racemic nature of the compounds (see Scott et al. 1991).
The voltage dependence of the current blocked by the different DHPs was

examined by constructing I-V curves. All of the DHP Ca2' antagonists inhibited the
T-type LVA current (see above and Fig. 13B) resulting in a reduction in the
amplitude of the hump (at around -30 mV) in the descending limb of the peak
current I-V curve (not shown). Figure 12C shows a typical effect of nicardipine on
the I-V plot for sustained HVA current. The block was largely voltage independent
with the nicardipine-sensitive current being indistinguishable from the control

PHY 460



T. G. J. ALLEN, J. A. SIM AND D. A. BROWN

current on the basis of either its threshold or peak potential (Fig. 12D). Unlike
nicardipine, the other DHPs displayed some voltage dependence to their block with
greatest inhibition occurring at strongly depolarized potentials (more positive than
-10 mV). However, this was not very pronounced and rarely resulted in more than
a 2-3 mV negative shift in the peak of the I-V curve.

B

Bay K 8644-sensitive current

A -100 -50 V(mV) 50

-100 50 V(mV) 50

-0.5
\(nA)

Bay K 8644 sensitive
8 'Control b

-1 .0
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Fig. 14. The actions of the dihydropyridine agonist Bay K 8644 and antagonist nifedipine
on the whole-cell calcium current ('Ca) in rat basal forebrain neurones. I-V curves were
constructed by imposing depolarizing voltage steps of 100 ms duration in 10 mV
increments from a holding potential (VH) of -80 mV once every 30 s. A, I-V plots of the
sustained component of ,Ca measured at the end of each step, under control conditions
(@). in the presence of 3 /Lm Bay K 8644 (0) and in the presence of 3 /tM Bay K 8644 and
1 /tM nifedipine (IZ). The enhancement of the current produced by Bay K 8644 was
voltage dependent, being most pronounced at hyperpolarized potentials with little or no
effect at membrane potentials > + 10 mV: the effect of this was to shift the peak of the
I-V relationship by approximately -5 mV. Subsequent addition of nifedipine (1 /tM) in
the continued presence of Bay K 8644 almost totally abolished the Bay K 8644-enhanced
current but produced little inhibition of the current below control values. B, an I-V plot
of the digitally subtracted Bay K 8644-sensitive component of the current for the same
cell. The current threshold was around -60 mV and reached a peak at approximately
-20 mV. Ca, control and Bay K 8644-enhanced currents for the cell shown in A and B
evoked using a test depolarization to -20m (H =-80 mV). Cb, the Bay K 8644-
sensitive current, obtained by subtracting the two traces shown in a. The current exhibits
little or no decay during the course of the 100 ms step.

Bay K 8644
This compound selectively enhances DHP-sensitive currents (Bean, 1989; Scott

et al. 1991). In basal forebrain neurones, Bay K 8644 (< 3aNm) produced a small
enhancement of the maximum calcium current, (mean increase 113 + 25%; n = 6).
Examination of the I-V relationship for the calcium current revealed that

Ito
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Bay K 8644 enhanced ICa at test potentials between -65 and 0 mV, with little or no
effect at more depolarized potentials, and caused a 4-5 mV shift to the left in the
peak of the I-V curve (Fig. 14A). The amplitude of the Bay K 8644-sensitive current
was maximal at -20 mV (Fig. 14B) and the enhanced current was largely sustained
displaying almost no inactivation during the voltage command (Fig. 14 C). In
contrast to effects to the sustained HVA current. Bay K 8644 did not augment the
transient LVA current, whilst at high concentrations ( > 10 /tM) racemic Bay K 8644
inhibited all components of ICa.

Effects of DHP Ca2" antagonists in the presence of BayK 8644
Most interestingly the HVA current enhanced by Bay K 8644 was inhibited more

effectively by DHP Ca2' antagonists than was the normal HVA current. Thus
concentrations of nifedipine as low as 1-5,um were capable of fully reversing the
effect of Bay K 8644 (Fig. 14A), whereas concentrations at least 10 times higher
were needed to inhibit the normal current to any appreciable extent (see Fig. 13A
and above).

It is noteworthy that in many cells even in the absence of Bay K 8644, a small
component of the sustained current ( < 100 pA) activated at -30 mV could also be
more readily blocked by DHP Ca2+ antagonists than was the principal HVA current
or the transient LVA current. The amplitude of this component was too small to
allow full quantitation. However, at concentrations too low to affect the principal
HVA current (1 /aM), the rank order of potency against this current component was
nifedipine > nicardipine > nitrendipine = nimodipine. This is quite different from
that against either the HVA current or the transient component ofLVA current (Fig.
13).

DISCUSSION

In common with many other mammalian neurones (Bean, 1989; Scott et al. 1991),
the magnocellular cholinergic basal forebrain neurones studied in these experiments
exhibited at least two kinetically distinct Ca21 currents: a transient, low threshold
(LVA) current, and a more sustained (but still inactivating) higher threshold (HVA)
current. However, whilst these Ca2+ currents in basal forebrain neurones were in
many ways similar to those reported in other cells, they did show some unusual
properties.

LVA current
The transient LVA current was similar to the T-type current described in several

other cells, with highly voltage-dependent activation and inactivation processes
(Carbone & Lux, 1984, 1987; Fox, Nowycky & Tsien, 1987a; Chen & Hess, 1990).
However, it was strikingly different from that in other central neurones in another
respect: namely, it exhibited almost no steady-state inactivation at resting
membrane potential (-70 to -75 mV). This arises from a combination of an
unusually positive half-inactivation potential (about -50 mV) and a very steep
inactivation curve (slope factor 3-8 mV). By comparison, reported values for the
LVA half-inactivation potential and slope factors in other central neurones range
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between -76 and -94 mV and between 6-3 and 8-3 mV (Coulter, Huguenard &
Prince, 1989; Thompson & Wong, 1991; Fraser & MacVicar, 1991; Regan, 1991).
This means that the LVA current might have a more prominent influence on both
normal excitability and resting Ca2+ influx than in other central neurones.
A second interesting aspect of the forebrain LVA current concerns its phar-

macology. While it resembles T-type LVA currents in its sensitivity to divalent
cations (high sensitivity to Ni2" coupled with low sensitivity to Cd2+) it displayed an
unexpectedly high sensitivity to dihydropyridine Ca2+ antagonists - most notably,
to nicardipine: this blocked the LVA current at submicromolar concentrations, and
indeed was more effective against the LVA current than against the HVA current.
This clearly differs from the properties usually associated with the T-type LVA
current in peripheral neurones (Nilius, Hess, Lansman & Tsien, 1985; Fox et al.
1987a). Akaike et al. (1989) have reported that the LVA current in hypothalamic
neurones can also be blocked by DHP compounds, but in these cells all the DHP
compounds exhibited similar potencies, with KD (dissociation constant) values
within the range 35-7 /tM. By contrast, in basal forebrain neurones there was a 100-
fold difference in the relative potencies of nicardipine and nifedipine (see Fig. 13B).
The question of the DHP sensitivity of these (and other) central neurones is
discussed further below.

HVA current
The HVA current in basal forebrain neurones exhibited complex kinetics. Thus,

during long (05 s) voltage commands, the current showed a bi-exponential
inactivating component superimposed on a more sustained pedestal current. An
obvious possibility is that the macroscopic HVA current is carried by two (or more)
different channel types with different inactivation rates, equivalent to the N- and L-
type originally described in sensory neurones (Nowycky, Fox & Tsien, 1985; Fox
et al. 1987b). However, this particular subdivision does not seem to explain the
complex kinetics of the HVA current in basal forebrain neurones, since ca-CgTX,
which selectively inhibits the N-type current in sensory ganglion cells (Aosaki &
Kasai, 1989), reduced a proportion of the HVA current (about 40%) but did not
materially alter the inactivation kinetics of the residual current. Thus the complex
kinetics of the macroscopic current are not necessarily indicative of kinetically
different types ofHVA channel. Indeed, studies of both L- and N-type channels have
revealed that a single conductance channel is capable of producing both inactivating
and non-inactivating currents (Plummer & Hess, 1991; Slesinger & Lansman, 1991)
so the transient and pedestal currents may simply arise as the result of the channels
switching between these two modes of activity.

In contrast, there is much more compelling evidence for the presence of
pharmacologically different HVA channels. Some 40% of the macroscopic HVA
current was blocked by wo-CgTX; this presumably corresponds to the component of
current carried by 'N'-type channels reported in other cells (Aosaki & Kasai, 1989;
Plummer, Logothetis & Hess, 1989). However, while the residual current could be
blocked by dihydropyridines, the concentrations of DHPs required were very high
(up to 100 /tM nifedipine), and effective DHP concentrations blocked all components
of current, including both the w-CgTX-sensitive HVA current and the LVA current.
Indeed, block by DHPs showed a monotonic increase with increasing concentration,
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without any clear evidence for a specific DHP-sensitive component. For this reason,
it seems unlikely that the w-CgTX-resistant HVA current was a truly DHP-sensitive
L '-current. It might be argued that this apparent insensitivity of the HVA current

is merely a result of the voltage dependence of DHP block (Bean, 1984) since we used
a negative holding potential (-80 mV). However, the additional current induced by
Bay K 8644 also activated from the same holding potential was very much more
sensitive to DHPs, being totally blocked by 1 ItM nifedipine (Fig. 14A): if this
represents the true 'L'-current, then clearly a current which is only blocked at
100 M nifedipine is not the L-current.

Several other central neurones appear to possess a component of HVA current
resistant to both a-CgTX and DHPs (Regan, Sah & Bean, 1991). Likewise, Ca2"
channels expressed from rat brain mRNA in oocytes are insensitive to DHPs
(Leonard, Nargeot, Snutch, Davidson & Lester, 1987). In Purkinje cells, a current of
this type has been reported to be blocked by venom from the funnel web spider
(Llinas, Sugimoro, Lin & Cherksey, 1989). We have not yet tested this: the specific
fraction of this venom responsible for block is not yet widely available, and none of
the constituents so far extracted have proved selective for the non-w-CgTX- and non-
DHP-sensitive component of current (Adams, Bindokas, Dolphin & Scott, 1989;
Bindokas & Adams, 1989; Mintz, Venema, Adams & Bean, 1991). Instead, we find
that we can quite selectively block the w-CgTX-insensitive component of the current
using low concentrations of the trivalent cations Gd3+ or La3+. Of these, Gd3+
appeared to be the more potent and selective. It should be noted that the action of
Gd3+ differed quite clearly from that of Cd21 (which blocked w-CgTX-sensitive
and -insensitive components of HVA current with equal facility) or Ni2+ (which
preferentially blocked the LVA current). Docherty (1988) has previously reported
that Gd3+ appeared to block a kinetically distinct component of the HVA current in
NG108-15 neuroblastoma hybrid cells, in the sense that the Gd3+-sensitive
component of the current assessed by subtraction showed a unique mono-exponential
decay with a different time constant from that of the control current, and which
superficially resembled the decay kinetics of the N-type current. We find essentially
the same characteristics on the Gd3+-sensitive component of current in basal
forebrain cells, but this clearly does not equate with the N-current in so far as exactly
the same amount of current is blocked by Gd3+ in the absence and presence of wi-
CgTX. Thus, it is not clear whether the current component blocked by Gd3+ does
indeed exhibit unique kinetics: the change in decay kinetics might equally be
expected to result from the rate constants of the open-channel block described by
Lansman (1990; k.n 3-2 M-1 s-', k.ff 34 s-' at 0 mV). In contrast the much faster rate
constant for Cd21 (Lansman, Hess & Tsien, 1986) implies that block by Cd21 will be
essentially at equilibrium throughout the command, and would thus not be expected
to alter the kinetics of the current within the temporal resolution of the recording.

Notwithstanding, the end result is that there appear to be at least three
pharmacologically distinguishable components to the calcium current in magno-
cellular basal forebrain neurones; an LVA current, selectively blocked by Ni2+, and
two HVA components, selectively blocked by wo-CgTX and Gd3+ respectively; and
that a substantial proportion of the total current can be eliminated by a judicious
combination of the three. This should prove useful in further analyses of the
functions of these three components.
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